. On the National Spherical Torus Experiment, NSTX, CHI has been used to initiate and sustain 400 kA of toroidal current. 5 This paper describes the first results that show evidence for closed field line current produced as a result of driving current in the SOL of a pre-existing inductive discharge.
We first describe the experimental method used to drive edge current on open field lines.
Then, theoretical requirements for driving edge current are briefly discussed. This is followed by experimental results that show consistency between experimental observations and equilibrium analysis.
In the experiments described here, the central transformer core is used to initiate a conventional inductively driven discharge. The poloidal field coils are feedback controlled on the flux loops located outside the vacuum vessel to control the plasma shape and provide the inductive loop voltage. The shape used in these experiments was a single null diverted discharge with the X-point located at the injector end of the vessel (bottom in Figure 1 ). The plasma was fuelled by plasma injection guns 6 Figure 2 is a poloidal flux plot of a typical ohmic target plasma used in these experiments from equilibrium analysis made using the EFIT 7 code. The loop voltage applied by the ohmic transformer was programmed to be constant during the period corresponding to the plasma current flattop.
The CHI injector voltage was applied using up to six fast Insulated Gate Bipolar Transistor (IGBT) based H-bridge switching power amplifiers with feedback of the injector current (I inj ) to a prescribed demand waveform between 2 and 6 kA. Injector current is defined as the current provided by the external power supply.
It is expected that the plasma current driven by CHI will depend upon the injector current employed and on the plasma boundary conditions as follows. 4 Relaxation phenomena drive plasmas toward the Taylor minimum energy state where the force free equilibrium is given by ∇×B = λ B, with λ = µ 0 J/B a global constant, where B = |B| is the magnetic flux density, J = |J| is the current density and µ 0 is the permeability of free space.
Integrating J and B over a surface with current I and flux Φ gives λ = µ 0 I/Φ. Helicity K ≡ ∫ Α⋅Β dτ, where A is the magnetic vector potential and dτ is the elemental volume. For a tokamak this is approximately the product of toroidal and poloidal fluxes, K ~ Φ T ψ p .
Thus at fixed Φ T , K ∝ I p so all current drive techniques must sustain helicity. In the case of a transformer, this is dK/dt = 2 V loop Φ T . For electrode based CHI, V inj is applied to the magnetic flux, ψ inj , penetrating the insulated coaxial electrodes, thus helicity is injected at the rate:
An effective loop voltage V eff can be defined as the loop voltage required to obtain the same helicity injection rate:
Then the efficiency ε ≡ P OH /P CHI = I p V eff / I inj V inj = λ tok /λ inj , where λ tok = µ 0 I p / Φ T and λ inj = µ 0 I inj /ψ inj . 2 Thus from an energy argument, the condition λ inj > λ tok is required for helicity injection current drive. This assumes dissipation occurs in the tokamak and not in the injector. Dissipation in the injector lowers the efficiency.
A model by Tang A comparison of the plasma parameters and EFIT analysis of shots with and without application of CHI is shown in Figure 4 . Wall conditions evolved slightly between the two discharges so that the ohmic comparison shot had slightly higher density and slightly lower I p than the CHI shot had prior to the CHI edge current pulse. The duration of the applied injector voltage was limited to ~ 1 ms to minimize the effect of the density and radiated power increases observed during the application of CHI. An increase in the electron density in the SOL during CHI is expected because the E x B drift is away from the injector. The measured toroidal plasma current corrected for toroidal wall current persists past the application of the injector current pulse with an e-folding time of ~ 0.4 ms, which is longer than the wall current decay time. The toroidal wall currents were calculated from the derivative of the flux loop signals outside the vacuum vessel, the wall geometry and the vessel resistivity. The total toroidal wall current (I wall ) measured in this way is < 15% of the observed increase in I p during CHI and I wall decays with an e-folding time of < 0.2 ms. It is clear from these results that I p persists well beyond the time at which both I inj and I wall return to zero. This current persistence can arise only from currents flowing on closed field lines.
The decay rate of I p after CHI is about 30 kA/ms, about four times the value observed during application of zero loop voltage at the end of an ohmic discharge with similar density. This higher dissipation indicates that the plasma current driven by CHI is in a region of higher resistivity and/or has lower inductance than the inductively driven current. This is consistent with CHI current being driven in the edge, where the plasma would become more resistive when the effect of E x B plasma drift transports colder plasma into this region from the injector electrodes. Presumably this effect could be mitigated in large machines with the capability for auxiliary heating.
In order to investigate the spatial distribution of the additional plasma current driven by CHI, analysis of the discharges was carried out using the EFIT code. This analysis did not model driven currents on open field lines and is not expected to be applicable during the period when I inj is non-zero. The lack of convergence limits the period during which the EFIT analysis is available to before CHI and about 0.2 ms after CHI. The leading moment in the current distribution is the plasma internal inductance, l i . At the earliest time following application of CHI for which I inj and I wall are non-zero and EFIT converges, l i is 0.2 compared to 0.23 before CHI. This is shown in Figure 4 which indicates the current profile is broader immediately after CHI. This is consistent with the idea that adding additional current to the edge of a flat or peaked current profile should make the current profile more hollow. (The HIT-II experimentally measured surface poloidal fields show this same feature of B p increasing more at the top and bottom than at the midplane.) A comparatively rapid decay of the plasma current in the edge and an increase in l i as the plasma current falls after CHI is seen in Figure 4 . The decay rate of I p , dI p /dt, in an ohmic plasma at the end of the discharge with V loop = 0 is 7 MA/s, while immediately after CHI, dI p /dt is 27 MA/s. The resistivity of the plasma should vary as T e -3/2 and the central temperature is similar in the two cases, therefore the current decay rate immediately after application of CHI is likely to be more because the persistent current is near the plasma edge in a region of lower temperature.
Thomson scattering measurements of the electron temperature and density were made for comparison of shots with and without CHI. It has been demonstrated that the application of CHI during a single-null, diverted ohmic discharge can drive toroidal current that persists after the CHI drive is removed. EFIT analysis suggests that the current profile is broadened by the CHI current drive and that the current near the edge decays rapidly after CHI. Similar experiments are planned on NSTX, in this larger device with higher edge temperature, it is expected that the CHI driven current will persist longer. 
